Previous studies have suggested that polymorphism in the serotonin transporter gene (5-HTTLPR) influences responses to serotonergic manipulation, with opposite effects in patients recovered from depression (rMDD) and controls. Here we sought to clarify the neurocognitive mechanisms underpinning these surprising results. Twenty controls and 23 rMDD subjects completed the study; functional magnetic resonance imaging (fMRI) and genotype data were available for 17 rMDD subjects and 16 controls. Following tryptophan or sham depletion, subjects performed an emotional-processing task during fMRI. Although no genotype effects on mood were identified, significant genotype*diagnosis*depletion interactions were observed in the hippocampus and subgenual cingulate in response to emotionally valenced words. In both regions, tryptophan depletion increased responses to negative words, relative to positive words, in high-expression controls, previously identified as being at low-risk for mood change following this procedure. By contrast, in higher-risk low-expression controls and high-expression rMDD subjects, tryptophan depletion had the opposite effect. Increased neural responses to negative words following tryptophan depletion may reflect an adaptive mechanism promoting resilience to mood change following perturbation of the serotonin system, which is reversed in sub-groups vulnerable to developing depressive symptoms. However, this interpretation is complicated by our failure to replicate previous findings of increased negative mood following tryptophan depletion.
Introduction
A long-standing model posits that serotonin plays a central role in the pathophysiology of major depressive disorder (MDD). Supporting the serotonin hypothesis, reducing synthesis using the acute tryptophan depletion (ATD) method reinstates depressive symptoms in some remitted MDD (rMDD) subjects (Ruhe et al., 2007) . In controls ATD does not commonly alter mood, but does impair cognitive processing of affective stimuli, in particular negatively biasing responses to emotional information (Murphy et al., 2002; Roiser et al., 2008) . Such findings have led to a re-evaluation of the role of serotonin in MDD, focusing on its role in the processing of affective stimuli (Harmer et al., 2009) .
Further evidence relevant to the serotonin hypothesis comes from genetic association studies, particularly those investigating the serotonin transporter gene. A variable number of tandem repeats (VNTR) polymorphism in the promoter region of this gene, with a 20-23 base-pair imperfect repeat, is known as the serotonin transporter-linked polymorphic region (5-HTTLPR). This results in long ('L') and short ('S') variants, corresponding to high and low serotonin transporter expression, respectively (Heils et al., 1996) . An additional functional A/G polymorphism occurs almost exclusively within the L-allele, resulting in comparable expression to the S-allele . The S-allele has been associated with both neuroticism (Munafo et al., 2009b) , a risk factor for MDD (Kendler et al., 1993) , and MDD itself (Clarke et al., 2010) , particularly in the context of stressful life events (Caspi et al., 2003) , though some studies have reported discrepant results for the latter association (Risch et al., 2009) . Moreover, the S-allele has been associated with vulnerability to developing negative mood symptoms under ATD in individuals without MDD (Neumeister et al., 2002) , as well as poor response to antidepressant treatment in MDD (Serretti et al., 2007) , though again negative results have been reported (Hu et al., 2007) .
A number of studies reported that the influence of 5-HTTLPR polymorphism on responses to serotonergic manipulation may depend on an individual's history of psychiatric illness (Lenzinger et al., 1999; Moreno et al., 2002; Pierucci-Lagha et al., 2004) . Surprisingly, these studies suggested that carrying either one or two copies of the high-expression 5-HTTLPR allele (L) was associated with a greater risk of ATD-induced mood change in individuals with a history of affective disorders. By contrast, high-expression genotype controls appeared relatively resilient to the ATD procedure (Neumeister et al., 2002; Roiser et al., 2006) . Neumeister and colleagues (2006) were the first to compare directly the effects of the 5-HTTLPR on responses to ATD between individuals with and without a history of MDD. They confirmed that rMDD subjects carrying the high-expression allele were more vulnerable to ATD than those of low-expression genotypes, while the opposite pattern was evident in controls. Moreover, using positron emission tomography to assess glucose metabolism, the authors were able to demonstrate significant diagnosis-by-treatment-by-genotype interactions in the subgenual cingulate cortex (SGC) and hippocampus, with a trend in the amygdala (Neumeister et al., 2006) , regions implicated in MDD (Drevets et al., 2008) . rMDD subjects with high-expression genotypes, who exhibited the greatest mood change following ATD, exhibited increased glucose metabolism in these regions (Neumeister et al., 2006) , mirroring the pattern observed during major depressive episodes (Drevets et al., 2008) .
We sought to understand the neurocognitive mechanisms underpinning this result, using the Affective Go/No-go test (AGNG), on which depressed subjects exhibit a more negative processing bias than controls (Erickson et al., 2005; Murphy et al., 1999) . Previously, we reported significant interacting effects of emotional valence, tryptophan depletion and rMDD diagnosis on behavioral and hemodynamic responses on this task (Roiser et al., 2008 (Roiser et al., , 2009 ). Since we utilized an identical tryptophan depletion protocol to that of Neumeister and colleagues (2006) , though our sample was independent, we were presented with a unique opportunity to assess the neurocognitive mechanisms underpinning the moderation of response to ATD by 5-HTTLPR polymorphism, and how this moderation might differ in subjects with and without a history of MDD. Therefore, we reanalyzed these data including 5-HTTLPR genotype as an additional factor, focusing on the fourway interaction between emotional valence, history of depression, tryptophan depletion and 5-HTTLPR genotype. We hypothesized that the above reciprocal responses to ATD in different 5-HTTLPR sub-groups resulted from biases during the processing of emotional information in prefrontal and subcortical circuits involved in mood regulation (Harmer et al., 2009) . Specifically, on the basis of the findings of Neumeister and colleagues (2006) , we predicted four-way valence-by-diagnosis-by-treatment-by-genotype interactions in the SGC, hippocampus, and amygdala. These regions form part of a 'visceromotor' network thought to subserve the assessment of and response to the emotional salience of sensory stimuli (Ongur and Price, 2000) , consistently implicated in the pathophysiology of MDD (Drevets et al., 2008) .
Materials and methods

Participants
Healthy volunteers (N=20) and rMDD patients (N=23) were recruited through the outpatient clinical services of the National Institute of Mental Health (NIMH) and by newspaper advertisement. Current and past psychopathology was assessed using the structured clinical interview for DSM-IV (SCID) (Spitzer et al., 2002) . All participants provided informed consent following a full explanation of the procedures, risks and benefits of the study. This study was approved by the NIMH Institutional Review Board. See Roiser et al. (2009) for further details.
The majority of participants were of Caucasian ancestry (78.0%); three rMDD subjects were African American (7.3%); two control subjects were Asian (4.9%); and two control subjects and two rMDD subjects were Hispanic (9.8%). Genotype did not differ according to ethnicity (χ 2 =5.065, Fisher's exact p=0.1).
Experimental procedure
Participants attended two sessions, in both of which they were administered 70 white capsules containing: L-isoleucine; L-leucine; L-lysine; L-methionine; L-phenylalanine; L-threonine; and L-valine (total amino acid load: 31.5g). They were also administered four pink capsules containing either lactose (tryptophan depletion day) or tryptophan (1.2 g, sham depletion day) (Neumeister et al., 2004) , in a double-blind, placebo-controlled crossover design. Mood ratings and blood samples were obtained immediately prior to amino acid ingestion (T 0 ) and 5 h later (T 5 ), just prior to the magnetic resonance imaging (MRI) scan. See Roiser et al. (2008) for further details
Cognitive activation paradigm (Affective Go/No-go task)
Participants performed the AGNG task during functional MRI (fMRI), using a block design. The design of the task was almost identical to that described by Elliott et al. (2000 Elliott et al. ( , 2002 , using the same conditions, stimuli and stimulus timings. See Roiser et al. (2008) for further details.
MRI scanning
Participants were scanned during task performance using a 3T scanner (GE Signa, Milwaukee, WI, USA). Three runs of 208 functional blood oxygenation level-dependent (BOLD) MRI images were acquired using an EPI pulse sequence. See Roiser et al. (2008) for further details. alleles for the VNTR polymorphism. Stage 2 distinguished L A from L G alleles for the rs25531 polymorphism. For both assays the 5-HTTLPR region was amplified (L amplicon 182 bp, and the S amplicon 138 bp) using a common pair of primers [Forward-GCAACCTCCCAGCAACTCCCTGTA,
Reverse-GAGGTGCAGGGGGATGCTGGAA]. The S and L alleles were distinguished by the use of a labeled oligonucleotide probe [FAM-TGCAGCCCCCCCAGCATCTCCC-MGB] capable of hybridizing only once to the 43-bp L insertion, and by an internal control probe (ICP) [VIC-TCCCCCCCTTCACCCCTCGCGGCATCC-MGB] directed against a unique sequence, not involved in the insertion/deletion, located within the amplicon. For stage 2, the L A and L G alleles for single nucleotide polymorphism (SNP) rs25531 were identified using allele-specific probes [L A : FAM-CCCCCCTGCACCCCCAGCATCCC-MGB; L G : VIC-CCCCTGCACCCCCGGCATCCCC-MGB]. Polymerase chain reaction (PCR) was performed in a 25 μL volume, with 25-50 ng DNA, PCR amplification primers (1 μM of each), allelic discrimination probes (240 nM-FAM probes, 160 nM VIC-probes) dimethyl sulfoxide (DMSO) (4% by volume), and 1× TaqMan Master Mix (Applied Biosystems -Part No. 4304437). Amplification conditions were 2 min at 50°C, 10 min at 95°C, and then 40 cycles at 96°C for 15 s and at 62.5°C for 90 s. Genotypes were generated using ABI PRISM 7700 Sequence Detection system software.
Stage 1 and stage 2 genotypes were combined to assign samples to one of six genotypes: SS, SL A , SL G , L A L A , L A L G , and L G L G . On each plate, previously sequenced standards were introduced. Stage 1 standards were SS, LS, and LL, and stage 2 standards were L A L A , L A L G , and L G L G . SS, SL G and L G L G individuals were defined as 'low expression'; SL A , and L A L G were defined as 'medium expression'; L A L A individuals were defined as 'high expression'. Genotype distributions did not deviate from those expected under Hardy-Weinberg equilibrium assumptions, assessed using the likelihood ratio test in ExactoHW (Fisher's exact p=0.98; Engels, 2009 ). This software utilizes a permutation approach, essential for the present analysis, since the rare L G allele and relatively low number of subjects together produce low expected numbers of subjects in several genotype groups, which invalidates the standard approach based on the asymptotic assumption of the chi-square distribution.
Data analysis
Data were analyzed using SPSS 20 (IBM, Armonk, New York, USA) using analysis of variance or non-parametric equivalents if data were not normally distributed. Due to equipment failure, behavioral performance data were not recorded for two rMDD subjects. Genotype data from one healthy volunteer and one rMDD subject (for one of whom behavioral performance data were also not recorded) were unavailable. A threshold of p<0.05 (two-tailed) was adopted throughout. See Roiser et al. (2008) for further details.
Functional magnetic resonance imaging data analysis
Analysis of BOLD fMRI data was performed using the general linear model within SPM5 (Wellcome Trust Centre for Neuroimaging, London, UK), following realignment, spatial normalization and smoothing (see Roiser et al. 2008 for further details). Data from three controls and five rMDD subjects were excluded due to excessive head movement. Therefore analyses relating to hemodynamic responses and genotype were based on data from 16 healthy volunteers and 17 rMDD subjects. Singlesubject interaction maps were created by contrasting the difference maps between emotional conditions across the two treatment conditions (e.g. (positive-negative target words following sham depletion)-(positive-negative target words following tryptophan depletion)). At the second level (group analysis), regions showing a significant main effects or interactions were identified through random-effects analysis of the single-subject contrast maps using F-contrasts.
We limit the discussion of the fMRI results to maxima reaching the p<0.05 (family-wise error corrected) threshold, using small volume correction (SVC) at the voxel level across three primary regions of interest (ROIs), about which we had strong a priori hypotheses. These ROIs were: amygdala; hippocampus and subgenual cingulate (Neumeister et al., 2006) . ROIs were defined using the Wake Forest University Pickatlas toolbox for the amygdala and hippocampus (Maldjian et al., 2003) , and using an 8 mm sphere around the coordinates (x=1; y=25; z=-6) (Drevets et al., 1997) for the SGC. These SVC procedures were carried out separately for each of the three regions in order to minimize the risk of Type II error. Post-hoc analysis of significant interactions was performed by calculating the simple main or interaction effects of interest. To construct these contrasts, we used the pooled mean squared error term and degrees of freedom from the relevant interaction term in the omnibus ANOVA, since in no case was there a departure from the assumption of homogeneity of covariance. F-values were square root transformed to t-values, which are reported in the text.
Power analysis
The contrast of primary interest in this study was the comparison of the effects of ATD on neural responses in high-expression versus low-expression unmedicated rMDD patients. The only previous study to report such an effect, though utilizing a different neuroimaging method, was that of Neumeister and colleagues (2006) , where this contrast was the main contributor to the diagnosis-by-treatment-by-genotype interaction identified (see Figure 2 of that paper).
Based on the means, standard errors and numbers of participants reported, we were able to calculate effect sizes for this contrast in our primary ROIs (calculation available from the authors on request). The effect sizes (Cohen's d) varied across the ROIs, but were with one exception between ~1.6 and ~2.2. With the numbers of participants in our high-expression and low-expression rMDD sub-groups (four and five, respectively) our analysis had power equivalent to minimum 48% (assuming effect size=1.6) and maximum 74% (assuming effect size=2.2) at p=0.05 (twotailed) in order to detect effects of this magnitude.
For completeness, where significant four-way interactions were identified in our fMRI analysis, we report effect sizes comparing the high-expression and low-expression genotypes at the peak voxel of the four-way interaction in the control and rMDD groups separately. Unlike the analyses of the simple main and interaction effects described above, these effect size calculations used the error terms and numbers of subjects of the two groups in question for comparability with previous studies. It should be noted that effect sizes based on the peak voxel almost certainly yield inflated values relative the true effect size (Kriegeskorte et al., 2010) and as such these values represent over-estimates.
Results
Demographic and clinical data
There were no differences between the control and rMDD groups on demographic variables (see Table 1 and Roiser et al., 2009) , and there was no effect of genotype on clinical variances in the rMDD group. However, there was a significant main effect of genotype on age: medium-expression subjects were significantly older than high-expression and low-expression subjects (F(2,35)=4.8, p=0.015; post-hoc: medium vs. high expression p=0.009; medium vs. low expression p=0.038). There was also a significant main effect of genotype on IQ: the medium and low-expression subjects were lower in IQ (F(2,33)=4.7, p=0.015; post-hoc: high vs. medium expression p=0.069; high vs. low expression p=0.005). The group×genotype interactions were non-significant for both measures. Gender was well matched between the genotype groups (χ 2 <1). Including these variables as covariates in analyses of behavior on the AGNG and hemodynamic responses did not affect the results, and in no case was any covariate significant in the model. Therefore, all results presented are without covariates.
In addition, since population stratification can influence the results of genetic association analyses in ethnically heterogeneous samples, we repeated all analyses including only subjects of Caucasian ancestry. In no case did this change the results, and hence all analyses reported include both Caucasian and non-Caucasian subjects.
Plasma amino acid concentrations
TRP-(tryptophan depleted amino acid mixture) administration reduced the ratio of plasma tryptophan to the other large neutral amino acids by 90%, while TRP+ (tryptophan containing amino acid mixture) induced a 35% reduction in this ratio (treatment×time interaction: F(1,39)=50.7, p<0.001; see also Roiser et al., 2009) . Critically, all genotype interactions with treatment and time were non-significant.
However, there was a significant diagnosis×genotype interaction for the plasma ratio of tryptophan to the other large neutral amino acids (trypophan:ΣLNAA) (F(2,34)=4.6, p=0.017), as well as a main effect of genotype (F(2,34)=3.5, p=0.041). Post-hoc analysis revealed that the effect of genotype was significant in the controls (F(2,15)=5.3, p=0.018) but not in rMDD subjects (F(2,19)=1.3, p=0.3) . In the controls the overall tryptophan:ΣLNAA ratio was lower in the medium-expression controls than high-expression (p=0.018) and low-expression (p=0.017) controls.
Mood
There were no significant main effects or interactions with genotype on the HAM-D or HAM-A (p>0.1 for all).
Hemodynamic responses
There was a significant valence×diagnosis×treatment×genotype interaction in the right hippocampus for the positive-negative targets contrast ((x=24, y=-28, z=-12) , Z=3.60, p<0.05 (SVC); Figure 1A ). Post-hoc analysis indicated significant, but opposite, effects of 5-HTTLPR polymorphism in the two groups ( Figure 1B) . In high-expression rMDD subjects (t(27)=2.43, p=0.022) and lowexpression controls (t(27)=5.18, p<0.0001), TRP-decreased hemodynamic responses to negative relative to positive targets. However, in high-expression controls, TRP-increased hemodynamic responses to negative relative to positive targets (t(27)=3.16, p=0.004). Further analysis revealed a significant difference between high-expression and low-expression controls (t(27)=6.60, p<0.0001; Cohen's d at peak voxel: 2.06), and between highexpression and low-expression rMDD patients (t(27)=2.14, p=0.042; Cohen's d at peak voxel: 1.18). Significant valence×diag nosis×treatment×genotype interactions were not detected in the positive-negative targets contrast in the SGC, left hippocampus or left/right amygdala. There was a significant valence×diagnosis×treatment×geno type interaction in the SGC for the positive-negative distractors contrast ((x=-4, y=21, z=1), Z=3.63, p<0.05 (SVC); Figure  1C ). Post-hoc analysis indicated significant, but opposite, effects of 5-HTTLPR polymorphism in the two groups ( Figure  1D ). In high-expression rMDD subjects (t(27)=2.26, p =0.032) and low-expression controls (t(27)=2.67, p=0.013), TRPdecreased hemodynamic responses to negative relative to positive distractors. However, in high-expression controls, TRP-increased hemodynamic responses to negative relative to positive distractors (t(27)=3.31, p=0.003). Further analysis revealed a significant difference between high-expression and low-expression controls (t(27)=4.72, p=0.0001, Cohen's d at peak voxel: 1.66), with a trend towards a difference between high-expression and low-expression rMDD subjects (t(27)=1.76, p=0.090; Cohen's d at peak voxel: 1.62). Significant valence×diagnosis×treatment×genotype interactions were not detected in the positive-negative distractors contrast in the left or right hippocampus or amygdala. See supplementary material Tables S1-S4. Four-way interaction in the right hippocampus for positive vs. negative target words. The peak voxel was significant at p<0.05 (two-tailed, corrected), restricting the search volume on the basis of an anatomical mask (see Methods for details). For display purposes, the image is thresholded at p<0.001 (twotailed, uncorrected) without applying any anatomical mask. The color bar indicates F-values. (B) Plot of contrast estimates at the peak voxel in the hippocampus for the positive relative to negative target words under sham (TRP+) relative to tryptophan (TRP-) depletion contrast (i.e. each bar represents a two-way valence×treatment interaction in each of the genotype sub-groups). In high-expression rMDD subjects and lowexpression controls, TRP-increased hemodynamic responses to positive relative to negative targets, while in high-expression controls TRP-increased hemodynamic responses to negative relative to positive targets. (C) Four-way interaction in the SGC for positive vs. negative distractor words. The peak voxel was significant at p<0.05 (two-tailed, corrected), restricting the search volume on the basis of an anatomical mask (see Materials and methods for details). For display purposes, the image is thresholded at p<0.001 (two-tailed, uncorrected) without applying any anatomical mask. The color bar indicates F-values. (D) Plot of contrast estimates at the peak voxel in the SGC for the positive relative to negative distractor words under TRP+ relative to TRP-contrast (i.e. each bar represents a two-way valence×treatment interaction in each of the genotype sub-groups). In high-expression rMDD subjects and low-expression controls, TRP-increased hemodynamic responses to positive relative to negative distractors, while in high-expression controls TRP-increased hemodynamic responses to negative relative to positive distractors. Error bars represent one standard error of the mean. * p<0.05; ** p<0.01; *** p<0.001 (two-tailed, one-sample t-test relative to zero, equivalent to a valence×treatment interaction).
Behavior on the AGNG
Behavioral data are listed in Table 2 . For commission errors (inappropriate responses), there was a significant valence-by-genotype interaction (F(2,34)=5.7, p=0.007). Over both testing sessions, subjects with low-expression (t(34)=5.23, p<0.0001) and highexpression (t(34)=3.34, p=0.002) genotypes showed a significant positive bias (more inappropriate responses to positive than negative distractors), while subjects with medium expression did not (t(34)=1.13, p=0.27). All higher-order interactions were non-significant. No significant effects of genotype were detected for reaction times or omission errors.
Correlations
There were no significant correlations between plasma amino acid levels, mood ratings, behavior on the AGNG or neural responses to emotional words.
Discussion
These data provide insight into the cognitive and functional neuroanatomical mechanisms underpinning the effects of 5-HTTLPR genotype on response to ATD. Consistent with previous reports (Neumeister et al., 2006) , neural responses following ATD were strongly influenced by genotype in SGC and medial temporal regions, but in opposite directions in rMDD subjects and controls. The high-expression rMDD subjects and low-expression controls exhibited qualitatively similar changes in hemodynamic responses to emotional words following ATD. Specifically, ATD decreased responses to negative relative to positive words in these groups, who were reported to be more vulnerable to mood change following tryptophan depletion in previous studies (Lenzinger et al., 1999; Moreno et al., 2002; Neumeister et al., 2002 Neumeister et al., , 2006 Pierucci-Lagha et al., 2004) . By contrast, in high-expression controls ATD increased hemodynamic responses to negative relative to positive words. These neural effects were unconfounded by changes in mood, raising the possibility that alterations in the processing of emotional stimuli following changes in 5-HT transmission may occur in the absence of mood change, in line with a recent theory of antidepressant drug action (Harmer et al., 2009) .
The pattern of results that we observed may be relevant to understanding two effects of the 5-HTTLPR that have received considerable attention in recent years. First, there have been a number of reports that carriers of low-expression alleles at the 5-HTTLPR are more vulnerable to developing depression, particularly following stressful life events (Caspi et al., 2003 (Caspi et al., , 2010 Clarke et al., 2010; Uher and McGuffin, 2010) . This finding is corroborated by a frequently described and consistently replicated increase in amygdala responsivity in these individuals (Munafo et al., 2008) , as well as reports of increased vulnerability to mood and motivational disturbance following tryptophan depletion in low-expression healthy volunteers (Neumeister et al., 2002; Roiser et al., 2006) .
These observations suggest the hypothesis that the increased hemodynamic responses in high-expression controls to negative versus positive words following tryptophan depletion might constitute an adaptive response that confers resilience, and that this response is reversed in more vulnerable low-expression controls. The fact that these interactions, which were of similar shape, were 
High expression Medium expression Low expression High expression Medium expression Low expression
HAM-D TRP+ T 0 0.40 (0.55) 0.89 (2.0) 0.40 (0.55) 1.0 (1.5) 1.2 (1.5) 1.4 (1.7) HAM-D TRP+ T 5 1.0 (1.7) 1.0 (1.3) 3.2 (2.7) 3.2 (5.3) 3.2 (2.5) 2.6 (2.7) HAM-D TRP-T 0 0.0 (0.0) 0.22 (0.67) 0.80 (0.84) 1.7 (1.6) 1.9 (1.5) 2.0 (2.2) HAM-D TRP-T 5 1.0 (0.71) 1.0 (1.9) 2.6 (2.7) 2.5 (1.9) 2. identified in different regions for the target words (medial temporal) and distractor words (SGC) contrasts may be related to the different roles that these interconnected regions play in cognitive processing (emotional memory and emotional inhibition, respectively: Silbersweig et al., 2007; Strange and Dolan, 2006) . This finding is also consistent with evidence that 5-HTTLPR variation influences functional connectivity of both the SGC (Pezawas et al., 2005) and hippocampus (Canli et al., 2006) , particularly in individuals who had suffered from stressful life events. Interestingly, a recent study reported also reduced hippocampal volumes in MDD patients carrying the S-allele who had suffered from childhood adversity, suggesting that this region may also play a role in mediating resilience (Frodl et al., 2010) . However, it should also be noted that a number of studies have failed to confirm the gene×environment interaction described above (Munafo et al., 2009a; Risch et al., 2009) , and as such this hypothesis remains speculative and requires testing in future, larger studies. Second, there have been several reports that carriers of the high-expression 5-HTTLPR allele are more responsive to antidepressant medication (Kato and Serretti, 2010; Serretti et al., 2007) , although again this pharmacogenetic interaction has received inconsistent support (Taylor et al., 2010) . Conversely, other studies reported that the same high-expression allele increases vulnerability to tryptophan depletion-induced mood change in rMDD patients (Neumeister et al., 2006) , although we were unable to replicate this effect. Nonetheless, our interpretation of tryptophan depletion-induced altered hemodynamic responses to negative relative to positive stimuli outlined above might also apply to rMDD subjects: only high-expression rMDD subjects exhibited decreased hemodynamic responses to negative vs. positive words, while hemodynamic responses in our ROIs to emotionally valenced words were apparently unchanged by tryptophan depletion in the low-expression rMDD subjects.
We failed to replicate the finding of increased negative mood following tryptophan depletion in high-expression rMDD patients and low-expression controls (Neumeister et al., 2006) . This could reflect low statistical power, since the magnitude of the effect of the 5-HTTLPR on behavior was lower than the effect on regional metabolism in the prior study of Neumeister and colleagues (indeed the treatment×group×genotype×time interaction narrowly missed statistical significance in that study). In addition, the sample we recruited may have been unusually resilient to tryptophan depletion for some reason: notably, we did not detect any significant mood changes following tryptophan depletion relative to sham depletion, even when considering the rMDD group as a whole (Roiser et al., 2009) . One possible explanation is the relatively high IQ of our rMDD sample (mean ~136 in the high-expression subgroup). Previous studies have reported that high IQ depressed patients respond better to selective serotonin reuptake inhibitor (SSRI) treatment (Fournier et al., 2009) ; possibly, high IQ individuals are also less vulnerable to serotonin depletion. However, this hypothesis has not been tested empirically to our knowledge. Alternatively, different demographic and clinical characteristics may explain this discrepancy: on average, our sample of rMDD subjects was younger and had suffered fewer depressive episodes than that tested by Neumeister and colleagues (2006) . This failure to replicate also raises the issue of why we were able to detect effects of the 5-HTTLPR on hemodynamic responses, but not on mood responses, following tryptophan depletion. Although a detailed examination of this issue, which is widespread in fMRI research, is beyond the scope of this paper (see for example Murray et al., 2010 for a thorough discussion), it may be that objectively measured hemodynamic responses are more sensitive to pharmacological manipulation than mood rating scales (see also Harmer et al., 2009) .
A number of limitations of our study merit comment. First, the small number of participants we tested raises the possibility of Type II error, although even with this small number of participants we had between 48% and 74% power to detect effects of the magnitude reported by Neumeister and colleagues (2006) . It should also be noted that while the Type I error rate within our study was controlled, the ratio of false positive to true positive findings is raised across studies if several have low statistical power (Sterne and Davey Smith, 2001) . Second, in light of the small number of subjects we were able to test, we adopted strict inclusion/exclusion criteria in order to decrease heterogeneity and consequently to reduce the chance of Type II error. However, this aspect of our study also limits the generalizability of our findings; for example, the effects of genotype on response to tryptophan depletion could potentially be quite different in medicated rMDD subjects. Third, we restricted our analysis to a priori anatomically defined ROIs, improving our sensitivity to detect effects. However, it is likely that we may have missed effects smaller than those reported previously, especially outside these regions, which our study was not powered to detect. Fourth, the number of independent contrasts between conditions we performed and the number of regions examined also raises the possibility of Type I error. However, the relatively stringent correction for multiple comparisons we employed, controlling the family-wise error rate, should ensure that the number of false positives per contrast remained relatively low. Moreover, the similar shape of the significant interactions identified and the replication of previous results (Neumeister et al., 2006) encourages greater confidence in our findings. Finally, while the majority of our participants reported that they were of Caucasian ancestry, and all results remained significant when only Caucasians were included in the analyses, we did not use informative markers to corroborate ancestry. Therefore there is a very small chance that our results could be confounded by population stratification, although such stratification would be unlikely to vary between the control and rMDD groups in a systematic fashion.
In conclusion, consistent with previous reports (Lenzinger et al., 1999; Moreno et al., 2002; Neumeister et al., 2004 Neumeister et al., , 2006 Pierucci-Lagha et al., 2004) , 5-HTTLPR polymorphism modulated hemodynamic responses to emotional stimuli following tryptophan depletion in an opposite manner in rMDD patients and healthy volunteers. While these paradoxical reciprocal effects require confirmation and remain incompletely understood, they underscore the importance of studying pharmacogenetic interactions in samples of patients with depression, since these interactions may be qualitatively different from those identified healthy volunteer populations. Such strategies may ultimately aid the identification of specific sub-groups of patients that might show better response to treatment.
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